The evolution and global transmission of antimicrobial resistance has been well documented in negative bacteria and healthcare-associated epidemic pathogens, often emerging from regions with 43 heavy antimicrobial use. However, the degree to which similar processes occur with Gram-positive 44 bacteria in the community setting is less well understood. Here, we trace the recent origins and global 45 spread of a multidrug resistant, community-associated Staphylococcus aureus lineage from the Indian 46 subcontinent, the Bengal Bay clone (ST772). We generated whole genome sequence data of 340 47
Introduction 75 76
Methicillin-resistant Staphylococcus aureus (MRSA) is a major human pathogen with a propensity 77 to develop antibiotic resistance, complicating treatment and allowing persistence in environments 78
where there is antibiotic selection pressure. While multidrug resistance has traditionally been the 79 domain of healthcare-associated strains, the emergence of strains in the community setting that are 80 also resistant to multiple antibiotics poses a significant challenge to infection control and public health 81 (Tong and Kearns 2013) . Given the heavy burden and costs associated with MRSA infections (Suaya 82 et al. 2014; Tong et al. 2015) , there is an urgent need to elucidate the patterns and drivers behind the 83 emergence of drug-resistant community-associated MRSA lineages. 84
85
Over the last few years, several population genomic studies have started to unravel the evolutionary 86 history of community-associated S. aureus lineages emerging in specific regions of the world. The 87 prototype of these clones is the diverse USA300 lineage (ST8), forming distinct genetic lineages in 88
North America and South America (Planet et suggested to contribute to the emergence and establishment of community-associated clones. For 100 instance, acquisition of Panton-Valentine leucocidin (PVL), a mutation in the capsule gene cap5D 101 and acquisition of the SCCmec-IV and ACME / COMER elements played a defining role in the 102 regional evolution of USA300 (Strauß et al. 2017) . While acquisition of a typical SCCmec-IV element 103 was also associated with the emergence of the eastern seaboard clade of the Queensland clone, it 104 appears that host population factors similar to those associated with the emergence in Indigenous 105 populations of Australia were a possible driver in the establishment of Pacific Islander associated 106 clade in New Zealand (van Hal et al. 2018 ). In contrast, the population expansion of the ST80 lineage 107 was linked to the acquisition of a SCCmec-IV and fusidic acid resistance, and enrichment of 108 resistance determinants in the Taiwan clade suggest a strong contribution for its emergence and 109 persistence in East-Asia. While there is some evidence from these studies that resistance acquisition 110 can be a driving force behind the regional emergence of community-associated MRSA clones, there 111 is a lack of data on strains from critical regions that are considered hot-spots for the emergence of 112 multidrug resistant pathogens, such as the Indian subcontinent. 113
114
In 2004, a novel S. aureus clone designated sequence type (ST) 772 was isolated from hospitals in 115
Bangladesh (Afroz et al. 2008 ) and from a community-setting study in India (Goering et al. 2008) . 116
The clone continued to be reported in community-and healthcare-associated environments in India, 117
where it has become one of the dominant epidemic lineages of community-associated MRSA (Chen 118 and Huang 2014). Similar to other S. aureus, ST772 primarily causes skin and soft tissue infections, 119 but more severe manifestations such as bacteraemia and necrotising pneumonia have been observed. public health concern on the Indian subcontinent and elsewhere. Over the last decade, the clone has 125 been isolated from community-and hospital-environments in Asia, Australasia, Africa, the Middle 126
East and Europe (SI Map 1, SI Table 1 ). As a consequence of its discovery, distribution and 127 epidemiology, the lineage has been informally dubbed the "Bengal Bay clone" (Ellington et al. 2010) . Table 2 ). Fourteen isolates were excluded after initial quality control due to contamination (SI  145   Tables 2, 3 ). The remainder mapped with 165x average coverage against the PacBio reference 146 genome DAR4145 (Steinig et al. 2015) from Mumbai (SI Tables 2, 3 ). Phylogenetic analysis using 147 core-genome SNPs (n = 7,063) revealed little geographic structure within the lineage (Fig. 1a) . Eleven 148 ST772 methicillin-susceptible S. aureus (MSSA) and MRSA strains were basal to a single globally 149 distributed clade (ST772-A, n = 329) that harbored an integrated resistance plasmid (IRP) described 150 in the reference genome DAR4145 (Steinig et al. 2015) (Figs. 1a, 1b) . Population network analysis 151 distinguished three distinct subgroups within ST772-A (Figs. 1a, 1c) : an early-branching subgroup 152 harboring multiple subtypes of the staphylococcal chromosome cassette (SCCmec-V) (A1, n = 81), a 153 dominant subgroup (A2, n = 153) and an emerging subgroup (A3, n = 56), that both exclusively 154 harbor a short variant of SCCmec-V. 155
156
Emergence and global spread from the Indian subcontinent 157
158
Epidemiological and genomic characteristics of ST772 were consistent with an evolutionary origin 159 from the Indian subcontinent. Sixty percent of isolates in this study were collected from patients with 160 family-or travel-background in Bangladesh, India, Nepal or Pakistan, compared to unknown (19%) 161 or other countries (21%) (Fig. 2a, SI (Fig. S3a) . Although it appears that MSSA is proportionately more common in South Asia 173 (Fig. S3b) , it is also possible that the observed distribution may be related to non-structured sampling. (Figs. 3a, 3b , S4, S5). This was followed by the 178 emergence of the dominant clade ST772-A and its population subgroups in the early 1990s (ST772-179 A divergence, 1990.83, 95% CI: 1980.38 -1995.08). The geographic pattern of dissemination is 180 heterogeneous (Fig. 1a) enterotoxin genes sec and sel, the gamma-hemolysin locus, egc cluster enterotoxins and the 198 enterotoxin homologue ORF CM14 were ubiquitous in ST772 (SI Table 7 ). We detected no 199 statistically significant difference between core virulence factors present in the basal group and 200 ST772-A (SI Table 5 between the mec gene complex and orfX (Balakuntla et al. 2014) (Fig. S8) . Integration of the Tn4001 214 transposon encoding aminoglycoside resistance gene aadA-aphD occurred across isolates with 215 different SCCmec types (260/267), but not in MSSA (0/35). All MRSA isolates (n = 7) within the 216 basal group carried the larger composite cassette SCCmec-V (5C2&5), with two of these strains 217 lacking ccrC and one isolate carried a remnant of SCCmec-IV (Fig. 1a) . 218
219
The diversity of SCCmec types decreased as ST772-A diverged into subgroups (Figs. 1a, 1c , SI Table  220 6). ST772-A1 included MSSA (n = 30) as well as SCCmec-V (5C2) (n = 22) and (5C2&5) (n = 18) 221 strains. Four isolates harbored a putative composite SCC element that included SCCmec-V (5C2), as 222 well as pls and the kdp operon previously known from SCCmec-II. One isolate harbored a composite 223
SCCmec-V (5C2&5) with copper and zinc resistance elements, known from the European livestock 224 associated CC398-MRSA (Schijffelen et al. 2010 ). Another six isolates yielded irregular and/or 225 composite SCC elements (SI Table 6 ). In contrast, the dominant subgroups ST772-A2 and -A3 226 exclusively carried the short SCCmec-V (5C2) element. Eleven of these isolates (including all isolates 227 in NICU-2) lacked ccrC and two isolates carried additional recombinase genes (ccrA/B2 and ccrA2). plasmid-associated across ST8 genomes (6/274), with one chromosomal integration in the ST772 238 reference genome and the SCCmec integration in the ST80 reference genome (SI Table 9 ). 239 240 Three basal strains were not multi-drug resistant and included two isolates from the original 241 collections in India (RG28) and Bangladesh (NKD122) (Figs. 1a, 4a ). These two strains lacked the 242 trimethoprim determinant dfrG and the fluoroquinolone mutations in grlA or gyrA, encoding only a 243 penicillin-resistance determinant blaZ on a Tn554-like transposon. However, seven of the strains 244 more closely related to ST772-A did harbor mobile elements and mutations conferring trimethoprim 245 (dfrG) and quinolone resistance (grlA and gyrA mutations). Interestingly, we observed a shift from 246 the quinolone resistance grlA S80F mutation in basal strains and ST772-A1, to the grlA S80Y 247 mutation in ST772-A2 and -A3 (Fig. 4a) (Figs. 1a, 3a) . 254
255

Canonical mutations and phenotypic comparison of basal strains and ST772-A 256 257
We found three other mutations of interest that were present exclusively in ST772-A strains (SI Table  258 7). The first mutation caused a non-synonymous change in fbpA (L55P), encoding a fibrinogen-259 binding protein that mediates surface adhesion in S. aureus (Cheung et al. 1995 In light of these canonical SNPs, we selected five basal strains and 10 strains from ST772-A to screen 268 for potential phenotypic differences that may contribute to the success of ST772-A. We assessed in 269 vitro growth, biofilm formation, cellular toxicity, and lipase activity (Fig. 6 , SI Table 8 ). We found 270 no statistically significant differences between the basal strains and ST772-A in these phenotypic 271 assays, apart from significantly lower lipase activity among ST772-A strains (Welch's two-sided t-272 test, t = 3.4441, df = 6.0004, p = 0.0137), which may be related to the canonical non-synonymous 273 mutation in plc. However, it is increased rather than decreased lipase activity that has been associated 274 with viability of S. aureus USA300 in human blood and neutrophils (White et al. 2014 ). We found 275 no difference in the median growth rate of ST772-A compared to the basal strains (Mann-Whitney, 276 W = 27, p = 0.8537), although there were two ST772-A strains that grew more slowly suggesting the 277 possibility of some strain to strain variability. We observed a lack of significant differences in growth between basal strains and the divergent clade 306 ST772-A. This may suggest that acquisition of drug resistance on this element was not accompanied 307 by a major fitness cost to ST772-A and raises the possibility that members of this clade will survive 308 in environments where antibiotics are heavily used, such as hospitals or in communities with poor 309 antibiotic stewardship, but may also be at little disadvantage in environments where there is less 310 antibiotic use, because its growth rate is comparable to that of non-resistant strains. However, it 311 should be noted that growth assays were conducted in vitro and under nutrient-rich conditions that 312 are unlikely to capture anything but very high fitness costs. to the success of ST772. We speculate that these changes may have allowed the clone to retain its 320 multidrug resistant phenotype without potentially incurring a significant fitness cost. Further work is 321 required to investigate the role of resistance dynamics in the evolution and fitness potential of ST772. 322
323
Given the available epidemiological data, phylogeographic heterogeneity and the clone's limited 324 success to establish itself in regions outside its endemic range in South Asia (Fig. 1a) Table 2 history, and acquisition in nosocomial-or community-environments, where available (SI Table 2 ). 386
Clinical symptoms were summarized as SSTI (abscesses, boils, ulcers, exudates, pus, ear and eye 387 infections), urogenital-(vaginal swabs, urine), bloodstream-(bacteremia) or respiratory-infections 388 (pneumonia, lungs abscesses) and colonization (swabs from ear, nose, throat, perineum or 389 environment) (SI Table 2 , Fig. S9 ) proportion of reads classified as Enterococcus faecalis in sample HWM2178 (SI Table 3 ). In silico 414 micro-array typing (see below) identified an additional 13 isolates with possible intra-specific 415 contamination due to simultaneous presence of agr I and II, as well as capsule types 5 and 8 (SI Table  416 2). We excluded these isolates from all genomic analyses. Raw Illumina data were sub-sampled to 417 and retained for the analysis, describing sequence types ST1573, ST3362 and ST3857 (SI Table 2 (Figs. 1a, 2a, 3a , S6, S10, S12a) samples from the veterinary staff member were 451 collapsed for clarity. 452 453 A confirmation alignment (n = 351) was computed as described above for resolving the pattern of 454 divergence in the basal strains of ST772. The alignment included the CC1 strain MW2 as outgroup, 455 as well as another known SLV of CC1, sequence type 573 (n = 10). The resulting subset of core SNPs 456 (n = 25,701) was used to construct a ML phylogeny with RaxML-NG (GTR + Γ) and 100 bootstrap 457 replicates (Fig. S1) . We also confirmed the general topology of our main phylogeny as described 458 above using the whole genome alignment of 2,545,215 nucleotides generated by Snippy, masking 459 sites if they contained missing (-) or uncertain (N) characters across ST772. 460 461 Gubbins (Croucher et al. 2015 ) was run on a complete reference alignment with all variant sites 462 defined by Snippy to detect homologous recombination events, using a maximum of five iterations 463 and the GTR + Γ model in RaxML (Fig. S10) . A total of 205 segments were identified as recombinant 464 producing a core alignment of 7,928 SNPs. Phylogenies were visualized using ITOL, ape ( calibrating information for internal nodes or for the tips of the tree. We used the phylogenetic tree 477 inferred using Maximum likelihood in PhyML (Guindon et al. 2010 ) (before and after removing 478 recombination with Gubbins, as described above) using the GTR+Γ substitution model with 4 479 categories for the Γ distribution. We used a combination of nearest-neighbour interchange and 480 subtree-prune-regraft to search tree space. Because PhyML uses a stochastic algorithm, we repeated 481 the analyses 10 times and selected that with the highest phylogenetic likelihood. To calibrate the 482 molecular clock in LSD, we used the collection dates of the samples (i.e. heterochronous data). The 483 position of the root can be specified a priori, using an outgroup or by optimising over all branches. 484 We chose the latter approach. To obtain uncertainty around node ages and evolutionary rates we used 485 the parametric bootstrap approach with 100 replicates implemented in LSD. 486 487 An important aspect of analysing heterochronous data is that the reliability of estimates of 488 evolutionary rates and timescales is contingent on whether the data have temporal structure. In 489 particular, a sufficient amount of genetic change should have accumulated over the sampling time. 490 We investigated the temporal structure of the data by conducting a regression of the root-to-tip 491 distances of the Maximum likelihood tree as a function of sampling time (Korber et al. 2000) , and a 492 date-randomisation test (Ramsden et al. 2009 ). Under the regression method, the slope of the line is 493 a crude estimate of the evolutionary rate, and the extent to which the points deviate from the 494 regression line determines the degree of clocklike behaviour, typically measured using the R 495 (Rambaut et al. 2016 ). The date randomisation test consists in randomising the sampling times of the 496 sequences and re-estimating the rate each time. The randomisations correspond to the distribution of 497 rate estimates under no temporal structure. As such, the data have strong temporal structure if the rate 498 estimate using the correct sampling times is not within the range of those obtained from the 499 randomisations (Duchêne et al. 2015) . We conducted 100 randomisations, which suggested strong 500 temporal structure for our data (Fig. S3) . We also verified that the data did not display phylogenetic-501 temporal clustering, a pattern which sometimes misleads the date-randomisation test (Murray et al. 502 2016) . 503
504
Results from this analysis (substitution rates, and node age estimates) using phylogenies before and 505 after removing recombination were nearly identical (Figs. S4, S5 ). We therefore chose to present 506 results from our analysis after removing recombination. 507
508
Nucleotide diversity: Pairwise nucleotide diversity and SNP distance distributions for each region 509 with n > 10 (Australasia, Europe, South Asia) were calculated as outlined by Stucki et al. (Stucki et 510 al. 2016 ). Pairwise SNP distances were computed using the SNP alignment from Snippy (n = 7,063) 511 and the dist.dna function from ape with raw counts and deletion of missing sites in a pairwise fashion. 512
An estimate of average pairwise nucleotide diversity per site (π) within each geographic region was 513 calculated from the SNP alignments using raw counts divided by the alignment length. Confidence 514 intervals for each region were estimated using 1000 bootstrap replicates across nucleotide sites in the 515 original alignment via the sample function (with replacement) and 2.5% -97.5% quantile range (Fig.  516   2b) . 517 of detected communities against k, we were able to select a parameter value at which the results from 528 the community detection were approximately congruent (Fig. S11) . 529
Since we were interested in the large-scale population structure of ST772, we selected k = 40 and 531 used the low-resolution fast-greedy modularity optimisation to delineate final population subgroups. 532
Community assignments were mapped back to the ML phylogeny of ST772 (Fig. 1a) . All subgroups 533 agreed with the phylogenetic tree structure and were supported by ≥ 99% bootstrap values (Fig. S12) . 534
One exception was isolate HW_M2760 located within ST772-A2 by phylogenetic analysis, but 535 assigned to ST772-A3 by network analysis (Figs. S11, S12 ). This appeared to be an artefact of the 536 algorithm, as its location and connectivity in the network representation matched its phylogenetic 537 position within ST772-A2. The network and communities were visualized using the Fruchtermann-538
Reingold algorithm (Fig. 1c) , excluding samples from the veterinary staff member in Fig. 1c (Fig.  539   S11) . 540 541
Local transmission clusters:
We obtained approximate transmission clusters by employing a 542 network approach supplemented with the ML topology and patient data, including date of collection, 543 location of collection and patient family links and travel or family links to South Asia. We used 544 pairwise SNP distances to define a threshold of 4 SNPs, corresponding to the maximum possible SNP 545 distance obtained within one year under a core genome substitution rate of 1.61 x 10 -6 nucleotide 546 substitutions/site/year. We then constructed the adjacency matrix for a graph, in which isolates were 547 connected by an undirected edge, if they had a distance of less or equal to 4 SNPs. All other isolates 548 were removed from the graph and we mapped the resulting connected components to the ML 549 phylogeny, showing that in each case the clusters were also reconstructed in the phylogeny, where 550 isolates diverged from a recent common ancestor (gray highlights, Figs. 2a, S6 ). We then traced the 551 identity of the connected components in the patient meta-data and added this information to each 552 cluster. NICU clusters were reconstructed under these conditions (Figs. 2a, S6) . specific diagnostic genes present as complete single copies in the reference annotation of DAR4145 565 (Steinig et al. 2015) to define presence of the IRP (msrA) and Tn4001 (aacA-aphD). Mykrobe 566
Predictor simultaneously called the grlA mutations S80F and S80Y for quinolone resistant 567 phenotypes. However, in all cases one of the variants was covered at extremely low median k-mer 568 depth (< 20) and we consequently assigned the variant with higher median k-mer depth at grlA (SI 569 Table 6 vs. 2). Since in silico microarray typing was based on assembled genomes and may therefore be prone 578 to assembly errors, we used results from the read-based typing with ARIBA to assess statistical 579 significance of virulence factors present in basal strains and ST772-A (Fig. S7) . 580 581 Pan-genome analysis was conducted using Prokka annotated assemblies in Roary (Page et al. 2015) , 582 with minimum protein BLAST identity at 95% and minimum percentage for a gene to be considered 583 core at 99% (Fig. S13) . A gene synteny comparison between major SCCmec types was plotted with 584 genoPlotR (Guy et al. 2010) (Fig. S8) and the NCTC3000 project (http://www.sanger.ac.uk/resources/downloads/bacteria/nctc/) using 593 nctc-tools (https://github.com/esteinig/nctc-tools) and nucleotide BLAST with a minimum of 90% 594 coverage and identity (n = 273). Since the IRP is mosaic-like and composed of several mobile regions, 595
we only retained query results, if all three of the regions were detected (SI Table 9 ). We then traced 596 the integration sites in the accessions, determining whether integrations occurred the chromosome or 597 plasmids. Multi-locus sequence types were assigned using mlst (https://github.com/tseemann/mlst). 598 599 Growth curves: S. aureus strains were grown overnight in 5 mL tryptic soy broth (TSB, Fluka) with 600 shaking (180 rpm) at 37 °C. Overnight cultures were diluted 1:1000 in fresh TSB and 200 µL was 601 added to a 96 -well plate (Costar) in triplicate. Growth was measured 37 °C, with shaking (300 rpm) 602 using a FLUOROstar fluorimeter (BMG Labtech) using an absorbance wavelength of 600 nm. Human erythrocytes were harvested from 10 mL of human blood following treatment in sodium 614 heparin tubes (BD). Whole blood was centrifuged at 500 x g for 10 min at 4 °C. Supernatant (plasma) 615 was aspirated and cells were washed twice in 0.9 % NaCl and centrifuged at 700 x g for 10 min. Cell 616 pellet was gently re-suspended in 0.9 % NaCl and diluted to 1 % (v/v). 617 618 Cytotoxicity assay: To monitor S. aureus toxicity, S. aureus strains were grown overnight in TSB, 619 diluted 1:1000 in 5 mL fresh TSB and grown for 18 h at 37 °C with shaking (180 rpm). Bacterial 620 supernatants were prepared by centrifugation of 1 mL of bacterial culture at 20,000 x g for 10 min. 621
For assessing toxicity to THP-1 cells, 20 μL of cells were incubated with 20 μL of bacterial 622 supernatant and incubated for 12 min at 37 °C. Both neat and 30% diluted supernatant (in TSB) were 623 used as certain S. aureus strains were considerably more toxic than others. Cell death was quantified 624 using easyCyte flow cytometry using the Guava viability stain according to manufacturer's 625 instructions. Experiments were done in triplicate. For assessing haemolysis, 150 µL of 1% (v/v) 626 erythrocytes were incubated with 50 µl of either neat and 30% supernatant in a 96 well plate for 30 627 min at 37°C. Plates were centrifuged for 5 min at 300 x g and 75 µL of supernatant was transferred 628 to a new plate and absorbance was measured at 404nm using a FLUOROstar fluorimeter (BMG 629 Labtech). Normalised fluorescence was achieved using the equation (At-A0) / (Am / A0) where At is 630 the haemolysis absorbance value of a strain, A0 is the minimum absorbance value (negative control 631 of 0.9% NaCl) and Am is the maximum absorbance value (positive control of 1 % triton X-100). 632
633
Lipase assay: Bacterial supernatants used in the above cytotoxicity assays were also used to assess 634 lipase activity, using the protocol published by Cadieux et al. (Cadieux et al. 2014 ) with 635 modifications. Briefly, 8mM para-nitrophenyl butyrate (pNPB), the short chain substrate, or para-636 nitrophenyl palmitate (pNPP), the long chain substrate, (Sigma) was mixed with a buffer (50mM 637
Tris-HCl (pH 8.0), 1mg/ml gum Arabic and 0.005% Triton-X100) in a 1:9 ratio to create assay mixes. 638
A standard curve using these assay mixes and para-nitrophenyl (pNP) (Sigma) was created, and 639 200µl of each dilution was pipetted into one well of a 96-well plate (Costar). 180µl of the assay mixes 640 was pipetted into the remaining wells of a 96-well plate, and 20µl of the harvested bacterial 641 supernatant was mixed into the wells. The plate was placed in a FLUOstar Omega microplate reader 642 (BMG Labtech) at 37°C, and a reading at 410nm was taken every 5 min.s for 1h. The absorbance 643 readings were converted to µM pNP released/min. using the standard curve. were assessed using non-parametric Kruskal-Wallace test and post-hoc Dunn's test for multiple 664 comparisons with Bonferroni correction, as distributions were assumed to be not normally distributed 665 (Fig. 2b, n = 340, Fig. S2 ). Phenotypic differences were assessed for normality with Shapiro-Wilk 666 tests. We consequently used either Welch's two-sided t-test or the non-parametric two-sided 667
Wilcoxon rank-sum test (Fig. 6, SI 
